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Parkinson’s disease (PD) is characterized by elevated expression of
an abnormal metabolic brain network that is reduced by clinically
effective treatment. We used fluorodeoxyglucose (FDG) positron
emission tomography (PET) to determine the basis for motor
improvement in 12 PD patients receiving unilateral subthalamic
nucleus (STN) infusion of an adenoassociated virus vector express-
ing glutamic acid decarboxylase (AAV-GAD). After gene therapy,
we observed significant reductions in thalamic metabolism on the
operated side as well as concurrent metabolic increases in ipsilat-
eral motor and premotor cortical regions. Abnormal elevations in
the activity of metabolic networks associated with motor and
cognitive functioning in PD patients were evident at baseline. The
activity of the motor-related network declined after surgery and
persisted at 1 year. These network changes correlated with im-
proved clinical disability ratings. By contrast, the activity of the
cognition-related network did not change after gene transfer. This
suggests that modulation of abnormal network activity underlies
the clinical outcome observed after unilateral STN AAV-GAD gene
therapy. Network biomarkers may be used as physiological assays
in early-phase trials of experimental therapies for PD and other
neurodegenerative disease.

brain metabolism � positron emission tomography

Parkinson’s disease (PD) is characterized by a progressive loss
of dopaminergic neurons in the substantia nigra, which leads

to abnormal functioning of interacting inhibitory GABAergic
and excitatory glutamatergic pathways in components of neural
networks controlling movement (1). The activity of the subtha-
lamic nucleus (STN) is increased in PD, largely because of
reduced tone of GABAergic afferent fibers from the external
globus pallidus (GPe) (2). In turn, the hyperactive glutamatergic
efferents drive the internal segment of the globus pallidus (GPi)
and the substantia nigra pars reticulata (SNr), resulting in the
alterations in thalamic and motor cortical neural activity. Based
on the notion that reducing glutamatergic neurotransmission
may reverse the motor deficits of PD by normalizing brain
activity within these circuits, we used adenoassociated virus
(AAV) to deliver the glutamic acid decarboxylase (GAD) gene
directly into STN (3). Preclinical studies using animal models of
PD suggest that transfer of the GAD gene into the STN can alter
its activity while also increasing the evoked release of GABA in
downstream targets (3–5). However, these effects cannot be
directly assessed in human subjects receiving this form of gene
therapy for parkinsonism.

Metabolic brain imaging with [18F]fluorodeoxyglucose (FDG)
and positron emission tomography (PET) can provide a means
of quantifying changes in spatially distributed neural systems
after antiparkinsonian therapy (6, 7). The motor manifestations
of PD are associated with increased expression of an abnormal
disease-related covariance pattern (PDRP) characterized by
increases in pallidothalamic metabolic activity with relative
reductions in premotor and parietal association regions (8, 9).

Substantial evidence exists to show that pathological PDRP
expression is reduced by therapeutic lesioning or deep brain
stimulation (DBS) of the motor portions of GPi and STN and
that these network changes correlate with clinical outcome after
treatment (6, 7, 10–12). In contrast to the PDRP, these inter-
ventions do not affect the activity of the PD-related cognitive
pattern (PDCP), a distinct prefrontal-parietal metabolic net-
work associated with memory and executive functioning in
nondemented PD patients (13, 14). The quantification of treat-
ment-mediated changes in the activity of these metabolic net-
works may provide an objective means of gauging the effects of
experimental antiparkinsonian therapy (15).

We have recently reported clinical findings from 12 patients
who received unilateral STN AAV-GAD gene therapy for
advanced PD (16). In the current study, we used FDG PET to
assess the changes in regional metabolism and network activity
that occurred with treatment. In addition to detecting localized
metabolic changes in the thalamus and cortical motor regions
ipsilateral to gene therapy, we found evidence of significant
modulation of PDRP network activity that correlated with motor
benefit. By contrast, there was no change in PDCP activity after
STN gene therapy, consistent with the observed preservation of
cognitive functioning in these patients. These data support a
biological basis for the observed treatment response in patients
undergoing this antiparkinsonian intervention.

Results
Changes in Regional Glucose Metabolism After Surgery. Regions in
which glucose metabolism changed significantly after surgery
are presented in Table 1 and Fig. 1. After surgery, metabolic
activity changed in the thalamus and motor cortex of the
operated hemisphere (F2,22 � 10.84, P � 0.001; one-way repeat-
ed-measures (RM)ANOVA for each of the two regions). In the
thalamus (Fig. 1 A Upper), significant metabolic reductions were
present at 6 months (P � 0.001) and 12 months (P � 0.005) after
surgery (Fig. 1B Upper). This treatment-mediated change was
most pronounced in the ventroanterior (VA) and ventrolateral
(VL) nuclei and in the mediodorsal (MD) nuclei. Additionally,
an increase in glucose metabolism after surgery was detected in
the ipsilateral primary motor area extending into the adjacent
premotor cortex (Fig. 1 A Lower). In this region, significant
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metabolic increases relative to baseline were present at 6 months
(P � 0.04) and 12 months (P � 0.0005) after surgery (Fig. 1B
Lower). For both the ipsilateral thalamus and motor region,
changes between 6 and 12 months were not significant (P �
0.23), nor were the changes after surgery significant in the
homologous regions of the untreated hemisphere. Operative
changes in metabolic rate were also not significant (P � 0.58,
one-way RMANOVA) for the whole brain or for each of the two
hemispheres.

Network Modulation After Surgery. At baseline, the activity of the
PDRP network (Fig. 2A) was elevated in the gene therapy groups

relative to age-matched healthy control subjects (P � 0.004;
Student’s t test). The time course of PDRP activity after gene
therapy was different for the treated and untreated hemispheres

Table 1. Regions with significant changes in glucose metabolism after gene therapy

Regions

Coordinates§

Zmax

Regional glucose metabolism (normalized)

x y z Hemisphere Baseline 6 Months 12 Months

Decreasing metabolism
Thalamus (VL/MD) �4 �8 6 4.16† OP 0.927 � 0.030¶ 0.894 � 0.028*** 0.900 � 0.033**

UNOP 0.886 � 0.033 0.876 � 0.033 0.875 � 0.036
Increasing metabolism
Paracentral gyrus (BA 4/6) �46 �8 20 4.53‡ OP 0.866 �0.013 0.891 � 0.013* 0.907 � 0.014***

UNOP 0.845 �0.011 0.853 � 0.014 0.867 � 0.016

VL, ventrolateral nucleus; MD, mediodorsal nuclei; BA, Brodmann area; OP, operated; UNOP, unoperated. *, P � 0.05; **, P � 0.005; ***, P � 0.001; compared
with baseline values (Bonferroni tests). †, P � 0.05; ‡, P � 0.001; corrected for multiple comparisons.
§Montreal Neurological Institute (MNI) standard space.
¶Mean � standard error.

Fig. 1. Changes in regional metabolism after gene therapy. (A) Voxel-based
analysis of changes in regional metabolic activity after unilateral STN AAV-
GAD gene therapy for advanced PD. After unilateral gene therapy, a signifi-
cant reduction in metabolism (Upper) was found in the operated thalamus,
involving the ventrolateral and mediodorsal nuclei. The analysis also revealed
a significant metabolic increase (Lower) after surgery in the ipsilateral primary
motor region (BA 4), which extended into the adjacent lateral premotor
cortex (PMC; BA 6). Representative axial T1-weighted MRI with merged FDG
PET slices; the operated (OP) side is signified on the left. Metabolic increases
after surgery are displayed by using a red–yellow scale. Metabolic declines are
displayed by using a blue–purple scale. The displays were thresholded at P �
0.05, corrected for multiple comparisons. (B) Displays of the metabolic data for
these regions at each time point. [In both regions, metabolic values (Table 1)
exhibited significant changes over time. (Upper) Decreases for the thalamus.
(Lower) Increases for the motor/PMC areas; P � 0.001; RMANOVA).] These
regional changes were present on the operated side (filled circles) but not in
homologous regions of the unoperated side (open circles). *, P � 0.05; **, P �
0.005; ***, P � 0.001; Bonferroni tests relative to baseline values.

Fig. 2. Unilateral gene therapy: hemispheric changes in motor-related
metabolic network activity. (A) PD-related metabolic pattern (PDRP). This
motor-related spatial covariance pattern (9, 21) is characterized by relative
pallidothalamic hypermetabolism (left) associated with relative metabolic
reductions in the lateral premotor and posterior parietal areas (right). Put/GP,
putamen/globus pallidus; PMC, premotor cortex. (B) Changes in mean PDRP
network activity over time for the operated (filled circles) and the unoperated
(open circles) hemispheres. After gene therapy, there was a significant differ-
ence (P � 0.002) in the time course of PDRP activity across the two hemi-
spheres. In the unoperated hemisphere, network activity increased continu-
ously over the 12 months after surgery. By contrast, in the operated
hemisphere, a decline in network activity was evident during the first 6
months. Over the subsequent 6 months, network activity on this side increased
in parallel with analogous values on the unoperated side. The dashed line
represents one standard error above the normal mean value of zero. (C)
Postoperative changes in PDRP activity controlling for the effect of disease
progression. These progression-corrected values (PDRPc scores) reflect the net
effect of STN AAV-GAD on network expression for each subject and time point
(see Materials and Methods). Relative to baseline, PDRPc scores declined after
gene therapy (P � 0.001, RMANOVA), with significant reductions relative to
baseline at both 6 (gray bar) and 12 (black bar) months. These changes
correlated (P � 0.03) with clinical outcome over the course of the study. **, P �
0.005; Bonferroni tests; bars represent standard error. (D) The time course of
PDRPc scores according to viral vector dose. A continuous decline in network
values was observed in patients receiving high-dose therapy (1 � 1012 viral
genomes (vg) per milliliter (circles) but not in those receiving low (1 � 1011 vg
per milliliter) (squares) or medium (3 � 1011 vg per milliliter) (triangles) doses.
Four patients were treated per dose group (15). For all subjects PDRPc scores
at each time point were adjusted by subtracting baseline values.
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(Fig. 2B), as indicated by the presence of a significant time �
hemisphere interaction (P � 0.002; two-way RMANOVA).
Further analysis disclosed that this interaction effect occurred in
the first 6 months after surgery (P � 0.003). Graphical review of
the time-course data revealed relatively higher PDRP expression
at baseline in the clinically more affected hemisphere. After STN
AAV-GAD, network activity declined on the operated side such
that, by 6 months, values were lower than for the unoperated
side. The trajectories of the two hemispheres increased in
parallel over the subsequent 6 months.

We found that the observed time course of the network
changes on the untreated side was consistent with disease
progression (see Materials and Methods). Therefore, we used
these network values to correct for disease progression on the
treated side. The resulting progression-corrected PDRP scores
declined significantly after gene therapy (F2,22 � 10.92, P �
0.001; one-way RMANOVA), with reductions relative to base-
line at both 6 months (P � 0.002) and 12 months (P � 0.003) (Fig.
2C). These values did not change between the two postoperative
time points (P � 0.99). Additionally, viral vector dose may have
influenced the time course of PDRP modulation after gene
therapy (Fig. 2D), although the small number of patients in each
dose group precluded definitive statistical conclusions. Although
there were comparable decreases in network activity from
baseline to 6 months for the three dose groups (see Materials and
Methods), a continuous decline over 12 months was observed
only for the four subjects receiving the highest vector genome
dose. Furthermore, for individual subjects, changes in network
activity correlated with improvement in off-state Unified Par-
kinson’s Disease Rating Scale (UPDRS) motor ratings (16) after
gene therapy (r � 0.45, P � 0.03; Bland–Altman within-subject
correlation).

Baseline activity of the PDCP network (Fig. 3A) was also
elevated in the patient group relative to the controls (P � 0.001;
Student’s t test). However, there was no significant change in
network activity on either hemisphere across the three time
points (Fig. 3B; time � hemisphere interaction: P � 0.65, main
effect of time: P � 0.72; two-way RMANOVA).

Comparison of Subthalamic Gene Therapy and Lesioning. To deter-
mine whether the metabolic changes associated with STN AAV-
GAD were attributed to the effects of lesion rather than gene
transfer, we directly compared the two interventions at key
nodes of the PD network. Because clinically effective sub-
thalamotomy is associated with prominent metabolic reductions
in the thalamus and globus pallidus (11, 17), these regions were

chosen for comparison with gene therapy. We found that in the
treated hemispheres, operative changes in thalamic metabolism
did not differ across interventions (F2,15 � 0.46, P � 0.64;
one-way ANOVA). Metabolic activity in this region was reduced
after STN surgery, whether with lesioning or AAV-GAD gene
therapy (Fig. 4 Left). By contrast, in the treated hemispheres,
changes in pallidal metabolism differed across interventions
(F2,15 � 9.67, P � 0.003). In this region (Fig. 4 Right), the
metabolic reductions that occurred after STN lesioning differed
significantly from the changes that were observed with gene
therapy (P � 0.03 and P � 0.003 for lesion versus the AAV-GAD
subgroups with high and low clinical response; see Materials and
Methods). Thus, in the treated hemispheres, declines in thalamic
metabolism occurred with both STN lesioning and AAV-GAD.
However, declines in pallidal metabolism occurred only with
lesion, but not with gene therapy. No significant difference
between interventions was evident in either of these brain
regions on the unoperated hemispheres (P � 0.28; one-way
ANOVA).

Discussion
In this functional imaging study, we observed significant meta-
bolic changes in the thalamus and cortical motor regions of PD
patients undergoing subthalamic AAV-GAD gene therapy.
These regional changes occurred as part of a broadly distributed
neural system that was modulated by the surgery. Indeed, these
network changes measured with PET were found to correlate
with concurrent assessments of clinical outcome. This informa-
tion is particularly relevant in that clinical ratings were obtained
by unblinded observers and are therefore potentially subject to
bias. The PET results indicated that, even in this circumstance,
there is objective evidence of a therapeutic response subsequent
to this intervention.

A voxel-by-voxel search of the whole brain for areas in which
metabolic activity changed after unilateral STN gene therapy
revealed a significant treatment-mediated decline in the thala-
mus of the operated hemisphere, as well as a concurrent increase
in ipsilateral cortical motor regions. These findings are consis-
tent with those described after other surgical interventions for
parkinsonism, including GPi and STN lesioning as well as
high-frequency deep brain stimulation (DBS) of these structures
(7, 10, 12, 17, 18). Nigrostriatal dopamine loss is associated with
increased activity of neurons in GPi/SNr (1, 19). These, in turn,
inhibit their respective targets in the VA/VL and MD thalamic
nuclei (20). PD is associated with increased pallidal and thalamic
glucose metabolism (10, 21), reflecting pathological increases in
afferent synaptic activity in these regions (22). Indeed, levodopa
therapy, which restores dopaminergic transmission in the stria-
tum, is associated with a reduction in glucose utilization in these
regions (7).

The reduction in thalamic glucose utilization after STN AAV-
GAD was accompanied by concurrent metabolic increases in the
lateral motor and premotor cortical regions. Similar metabolic
changes have been reported after stereotaxic interventions for PD
(10, 18, 23), likely caused by increases in thalamocortical activity
subsequent to treatment-mediated reductions in inhibitory GPi/
SNr output. The observed cortical metabolic increases are also
consistent with our preclinical study in a primate model of PD (5).
Overall, the metabolic changes observed after STN AAV-GAD are
consistent with functional alterations within key elements of the
cortico-striato-pallidothalamic-cortical (CSPTC) pathways that
mediate the motor symptomatology of PD.

In addition to detecting highly localized metabolic changes after
gene therapy, we also quantified changes in the activity of the
PDRP, an abnormal motor-related metabolic network that is
modulated by effective antiparkinsonian therapy (7, 15). By quan-
tifying PDRP activity on a hemisphere-by-hemisphere basis (12,
17), we found that the time course of the changes on the untreated

Fig. 3. Unilateral gene therapy: hemispheric changes in cognition-related
metabolic network activity. (A) PD-related cognitive pattern (PDCP). This
spatial covariance pattern (13) is characterized by relative hypometabolism in
the dorsal prefrontal, premotor, and posterior parietal regions (right), asso-
ciated with relative metabolic increases in the cerebellar vermis and dentate
nuclei (left). pre-SMA, presupplementary motor area; PMC, premotor cortex;
DN, dentate nuclei. (B) Changes in mean PDCP network activity over time for
the operated (filled circles) and the unoperated (open circles) hemispheres.
After gene therapy, there was no change in PDCP activity over time in either
of the two hemispheres (P � 0.72). The dashed line represents one standard
error above the normal mean value of zero.
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side was consistent with the natural history of the disease (14) (see
Materials and Methods). Computed values from this hemisphere
were therefore used to control for disease progression in estimates
of the net treatment effect of gene therapy on whole-brain network
activity. Indeed, we found that these progression-corrected network
scores declined markedly after STN AAV-GAD, with significant
reductions at 6 months that were sustained at 1 year. Although the
clinical assessments were performed by an unblinded rater (16),
these ratings correlated with objective measures of network mod-
ulation acquired in the same subjects. This is consistent with the
presence of a treatment effect distinct from, or in addition to, any
disease progression that may have occurred. By contrast, unilateral
STN AAV-GAD did not affect the activity of a distinct spatial
covariance pattern that related to the cognitive manifestations of
the disease. Like PDRP, PDCP activity was significantly elevated at
baseline. However, the gene therapy had no effect on the activity
of this network in either hemisphere, in accordance with the
observed absence of cognitive deterioration after treatment (16).

The time course of PDRP modulation after gene therapy
appeared to differ for the three dose groups. Although the
declines in network scores at 6 months were similar for the three
dosing tiers, continuous declines beyond this time point were
observed only for the high-dose group. Although the number of
subjects in each group (n � 4) is too small for statistical
comparison, this observation points to the possibility that high-
dose AAV-GAD therapy results in relatively better metabolic
responses than the low and medium doses. Given that the
injection volume was constant across the three dosing tiers, it is
unlikely that any dose-related differences in network modulation
were the result of graded subthalamic tissue injury.

It is nevertheless difficult to fully exclude an effect of dam-
aging the STN during the gene therapy. Indeed, lesioning this
structure could potentially cause clinical and imaging changes
similar to those observed in our patients (17, 24). Nonetheless,
in our clinical study (16), we reported no significant change in
motor scores at 1 month after surgery, as would have been
expected after acute STN lesioning. Moreover, significant im-
provement relative to the 1 month ratings was evident at later
time points, suggesting that the treatment response was delayed.
This is, in fact, consistent with preclinical studies suggesting that
after AAV-mediated gene transfer, maximal production of the
gene product is not achieved for several weeks to months (3, 5,
25, 26). These clinical observations along with an absence of

radiographic evidence of STN damage at any time point, support
the argument against the possibility that the observed metabolic
changes were caused by lesioning.

To address this question more directly, we found that the local
metabolic effects of STN AAV-GAD differed significantly from
those occurring after therapeutic subthalamotomy. Reductions
in thalamic metabolism occurred ipsilateral to treatment with
both STN lesion and gene therapy. By contrast, pallidal reduc-
tions were present only with STN ablation, which is designed to
interrupt overactive STN-GPi excitatory projections (27). The
loss of this source of afferent pallidal input leads to a marked
decline in GPi metabolic activity after therapeutic lesioning (17,
24). The absence of this effect after STN AAV-GAD, even in
subjects with clinical benefit comparable with subthalamotomy
(i.e., those in the high clinical response subgroup), likely reflects
the fact that these projections are left intact after gene therapy.
This is consistent with the notion that after gene therapy, the
phenotype of STN neurons is altered such that GABA is now
released via efferent projections to target structures, with con-
comitant reduction in glutamatergic outflow (3). These imaging
results, combined with the time course of clinical improvement,
suggest that lesioning is unlikely to explain the persistent im-
provement in motor function observed after gene therapy. In
fact, rather than reducing pallidal metabolism, STN AAV-GAD
was associated with a trend toward bilaterally increasing meta-
bolic activity in this region. This is compatible with ongoing
disease progression (14) in addition to any treatment effect that
may have occurred and justifies the progression-corrected
network approach that we used.

In summary, significant improvements in both regional and
network-related metabolic activity were observed after unilat-
eral STN AAV-GAD gene therapy for PD. These changes,
particularly the correlation between network modulation and
clinical response, are consistent with the results of other ther-
apeutic interventions for PD. We note that a potential placebo
effect cannot be ruled out in these data. Employing the imaging
approach described here as part of a blinded, placebo-controlled
study will help clarify the relationship between changes in
metabolic activity and objective, treatment-specific efficacy out-
comes.

Materials and Methods
PET. We used FDG PET to study the metabolic course of the 12
PD patients (age 58.2 � 6.7 years) who participated in an
open-label safety and tolerability study of unilateral stereotaxic
infusion of STN AAV-GAD for advanced disease. The details of
the AAV-GAD preparation, surgical procedures, and the clin-
ical methods and outcomes have been presented in detail in ref.
16. Briefly, the 12 subjects had a PD duration of at least 5 years
and were in Hoehn and Yahr stage 3 or more. They were divided
into three equal dosing groups [low, 1 � 1011 viral genomes (vg
per milliliter), medium, 3 � 1011 vg per milliliter, or high, 1 �
1012 vg per milliliter], and all received the same final injection
volume of 50 �l.

All subjects were scanned off antiparkinsonian medications as
described (7, 9). FDG PET scans were performed at baseline
(within 1 month before surgery), with repeat imaging at 6 and 12
months after gene therapy. Ethical permission for these proce-
dures was obtained from the institutional review boards of the
participating institutions. Written consent was obtained from
each subject with detailed explanation of the procedures.

Changes in Regional Metabolism After Surgery. Regional and global
rates of glucose metabolism were computed on a voxel basis for
each FDG PET scan as described (10). The metabolic images
were processed by using SPM5 (Institute of Neurology, London)
running on Matlab 6.5 (Mathworks). Images from subjects who

Fig. 4. Comparison of subthalamic gene therapy and lesioning. Bar graph
illustrating changes in regional glucose metabolism in the thalamus (Left) and
the globus pallidus (GP) (Right) after the unilateral subthalamotomy (black
bar) or gene therapy (gray and white bars) for the high and low clinical
response subgroups, respectively; see Discussion). In operated hemispheres,
the declines in thalamic metabolism were not different across the three
treatment groups. By contrast, reduced GP metabolism was observed only
after STN lesioning but not after gene therapy. *, P � 0.05; **, P � 0.005;
Bonferroni tests relative to the lesioning group; bars represent standard error.
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had AAV-GAD injected into the right STN, i.e., in whom the left
limbs were more clinically affected, were reversed such that all
hemispheres treated with gene therapy appeared on the left.

Changes in regional metabolism after surgery were assessed
across the three time points by using the ‘‘Flexible Factorial’’
model in SPM. Contrasts defined as ‘‘�1 0.5 0.5’’ and ‘‘1 �0.5
�0.5’’ were used respectively to assess increasing and decreasing
regional metabolism over time. Changes were considered sig-
nificant at a corrected threshold of P � 0.05. The localization of
each reported cluster was confirmed by using the Talairach space
utility (www.ihb.spb.ru/�pet�lab/TSU/TSUMain.html).

For each significant cluster, we performed a post hoc analysis
in which metabolic activity at each time point was measured
within a spherical volume-of-interest (VOI) (radius � 4 mm)
centered on the peak voxel. VOI data were also acquired around
the mirror voxel in the other hemisphere. Each regional value
was ratio normalized by the global metabolic rate measured in
that scan. Longitudinal changes in these values were examined
for each region in each hemisphere by using a one-way
RMANOVA. Post hoc comparisons were performed between
time points (e.g., 2-1, 3-2, 3-1) by using Bonferroni tests.

Network Modulation After Surgery. In all subjects, the activity of
the motor- and cognitive-related PD spatial covariance patterns
(PDRP, Fig. 2 A; PDCP, Fig. 3A) were separately quantified at
each time point on a hemispheric basis by using a fully automated
algorithm (9, 12). These computations were performed blind to
subject, hemisphere (operated, unoperated), viral vector dose
(low, middle, high), time point (0, 6, or 12 months), and clinical
outcome (UPDRS motor ratings). The resulting values were
compared with those from 12 healthy volunteer subjects (age
55.8 � 8.8 years).

To determine whether changes in network activity differed for
the operated and unoperated hemispheres across the three time
points, we performed a two-way RMANOVA for each of the two
networks, which included time and hemisphere as two within-
subject variables. If a significant time � hemisphere interaction
effect was present on the hemispheric PDRP or PDCP network
values over time, we performed two additional two-way
RMANOVAs on these measures: one for the data at baseline
and 6 months and the other for the data at 6 and 12 months.
These piece-wise analyses allowed us to determine whether the
interaction effect occurred in the first or second 6 months after
gene therapy.

In analyzing the PDRP values, we observed a progressive
increase in network values over time in the unoperated hemi-
spheres of the gene therapy subjects (Fig. 5, open circles). This
increase in network activity was in continuity with that observed
in a group of earlier-stage PD patients (14) who underwent serial
FDG PET imaging as part of a longitudinal study of disease
progression (Fig. 5, open triangles). For each subject, the annual
rate of change in hemispheric network activity was computed by
dividing the difference between network expression at the first
and third time points by the time interval. In the unoperated
hemispheres of the gene therapy subjects, PDRP expression
increased at a rate of 0.93 per year, which was not different from
that observed in the progression study (0.64 per year; P � 0.60,
Student’s t test). To demonstrate the continuity of the two
groups, we used the natural history data to calculate the pre-
dicted 95% confidence intervals for PDRP expression in the
unoperated hemispheres of the gene therapy recipients at each
of the three time points. We found that the observed mean values
for PDRP expression in this hemisphere (3.79, 4.15, and 4.71 at
baseline, 6 months and 12 months, respectively) fell within the
95% confidence intervals for values predicted based on the
natural history data (baseline: 3.53–4.73; 6 months: 3.69–5.08; 12
months: 3.84–5.43).

The changes in PDRP activity on the unoperated hemispheres

of the AAV-GAD patients were therefore attributed to disease
progression, and for each subject and time point, these values
were subtracted from those of the operated side. The resulting
progression-corrected values (PDRPc scores) were used as an
index of the net treatment effect of the gene therapy, i.e., the
changes in network activity that remained after controlling for
the effects of disease progression. Changes in the scores after
treatment were examined by using a one-way RMANOVA. Post
hoc comparisons were performed between time points (e.g., 2-1,
3-2, 3-1) by using Bonferroni tests. Bland–Altman within-subject
correlation coefficients (28) were used to determine the rela-
tionship between changes in the PDRPc scores and motor
UPDRS ratings over the three time points. Because PDCP
expression did not change over time in either hemisphere (Fig.
3B), the progression-corrected analysis was not performed on
these network values.

Comparison of Subthalamic Gene Therapy and Lesioning. Surgical
ablation of the STN can give rise to clinical improvement and
metabolic changes similar to those observed with subthalamic
AAV-GAD (11, 17, 24). To determine whether the outcome of
STN AAV-GAD was attributable to lesion rather than actual
gene therapy, the effects of the two interventions on regional
metabolism were compared at key nodes of the PD network. In
a previous FDG PET study of six PD patients undergoing
unilateral subthalamotomy for PD (17), we found that this
intervention gave rise to a 58.5% reduction in contralateral limb
motor off-state UPDRS ratings at 12 months. For purposes of
comparison with the lesion group, the AAV-GAD recipients
were divided into high and low treatment-response subgroups
based on a cutoff of 40% improvement in off-state total motor
UPDRS ratings at 12 months after surgery. [This cutoff was
chosen based on a dichotomization of the treatment responses
that was observed in the 12-month clinical data (16)]. The
high-response subgroup comprised five patients with a mean
change of �56.5% in contralateral limb ratings at 12 months.
This cohort was therefore matched for treatment response with
the lesion group. The low-response subgroup comprised seven
patients with a mean change in contralateral limb scores of �
6.9% at 12 months.

Fig. 5. Disease progression in the unoperated hemisphere. The time course
of PDRP expression on the unoperated hemisphere of the AAV-GAD-treated
subjects (open circles) was compared with that measured in 15 early-stage PD
patients (open triangles) who underwent longitudinal FDG PET imaging over
a 4-year period (13). The network values were plotted against the duration of
disease at each time point. There was no difference (P � 0.60; Student t test)
in the rate of change in network activity over time between the two groups.
PDRP expression in the AAV-GAD group was observed to be in continuity with
the natural history data, suggesting that the changes observed in the unop-
erated hemisphere were a reflection of disease progression (see Materials and
Methods).
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Unilateral subthalamotomy is associated with significant met-
abolic reductions in the globus pallidus and thalamus of the
operated hemisphere (11, 17). Therefore, STN AAV-GAD was
compared with lesion by contrasting the changes in metabolism
that occurred after treatment in these two regions. To avoid bias
in the group comparisons, we used an automated, anatomically
defined region-of-interest (ROI) method to quantify globally
normalized metabolic activity in the globus pallidus and thala-
mus of the lesion group and of both AAV-GAD subgroups. This
approach used a volumetric brain atlas generated from anatom-
ical parcellation of the spatially normalized single-subject high-
resolution MRI volume from the Montreal Neurological Insti-
tute (downloadable from www.fmri.wfubmc.edu/download.htm)

(29, 30). These ROI computations were performed blind to
treatment group (lesion, AAV-GAD), hemisphere (operated,
nonoperated), and clinical response (high or low, for the AAV-
GAD subgroups). For each of the two regions, we used one-way
between-subjects ANOVA to compare the metabolic changes
across the three groups in the operated and control hemispheres.
Post hoc comparisons were performed between any two groups
by using Bonferroni tests. For all analyses, the significance level
was set at P � 0.05. Statistical analyses were performed by using
SAS 9.1 (SAS Institute).
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